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INTRODUCTION 


The  use  of  liquid  propellants  in  a  large  caliber  gun  system  has  been  under  evalua¬ 
tion  by  the  U.S.  Army.  Liquid  propellant  systems  present  many  advantages  as  a  re¬ 
placement  for  solid  propellants  in  selected  applications.  However,  there  are  hazards 
involved  with  all  propellants  whether  in  the  manufacturing,  handling,  storage,  or  applica¬ 
tion.  The  sensitivity  of  propellants  to  external  stimuli  is  of  extreme  importance.  In  the 
battlefield  role,  it  is  imperative  that  propellant  sensitivities  to  external  stimuli  such  as 
projectile  or  shaped  charge  impact  be  known.  This  program  was  designed  to  determine 
the  vulnerability  of  liquid  propellant  containers  to  simulated  shaped  charge  impact. 


BACKGROUND 

Preliminary  tests  have  shown  that  very  intense  hydraulic  ram  pressures  and 
widespread  fluid  spills  occur  when  small  scaled  liquid  propellant  containers  are  im¬ 
pacted  by  shaped  charges  or  when  they  are  subjected  to  energy  discharges  created  by 
the  detonation  of  high  explosives  within  the  containers.  Several  tests  were  performed 
by  shooting  a  shaped  charge  through  1-gal.  polyethylene  containers;  shock  pressures 
in  excess  of  100,000  lb/in.2  were  reported.  These  tests  resulted  in  destruction  of  both 
the  containers  and  the  pressure  transducers.  The  importance  of  the  degree  of  confine¬ 
ment  and  quantity  of  materials  has  not  previously  been  addressed  and  this  program 
was  developed  to  provide  information  in  these  areas.  The  major  goals  were  to  perform 
hydraulic  ram  tests  on  scaled,  cylindrical,  liquid-propellant  containers  varying  both  the 
input  energy  and  the  volume  and  then  use  the  data  generated  to  develop  a  physical, 
mathematical  model  for  predicting  pressures  that  could  be  developed  from  external 
battlefield  threats  to  stored,  liquid  propellants. 


TESTING 


Container  Fabrication 

Southwest  Research  Institute  (SwRI)  fabricated  liquid  propellant  test  canisters  using 
304  stainless  steel  tubes  in  three  diameters  (3.5,  4.0,  and  6  in.).  Sections  of  the  tubes 
were  cut  to  the  appropriate  length  to  yield  volumes  of  a  pint,  a  quart,  and  a  half-gallon, 
respectively,  and  were  welded  to  an  8-in.2  stainless  steel  base  plate  on-half  in.  thick. 
Stainless  steel  witness  plate,  the  same  size  as  the  base  plates,  were  also  fabricated  for 
use  in  the  test  program.  These  plates  are  referred  to  as  "light"  plates,  each  weighs  9.15 
lb.  Another  weight  witness  plate,  2-in.  thick  (designated  as  "heavy"  plate,  weight  of  18.3 
lb)  was  used  during  some  of  the  oreliminary  tests  to  compare  with  light  plate  results. 
The  heavy  plate  was  not  employed  for  the  proof-test  experiments. 


The  baseplates  were  originally  drilled  and  tapped  to  accept  PCB  Model  109A02 
pressure  transducers  for  use  in  measuring  the  transient  pressure  within  the  fluid. 
However,  subsequent  tests  proved  that  the  transducer  would  have  to  be  mechanically 
isolated  from  the  canister  to  reduce  shock  and  vibration  to  the  transducer  amplifier 
circuit  inside  the  transducer  body. 

Test  Program 

The  hydraulic  ram  testing  was  conducted  at  the  SwRI  Ballistics  Range.  Three 
explosive  charge  energy  levels  were  used  and  both  water  and  NOS  365  liquid  propel¬ 
lant  were  employed  as  test  fluids.  Electric  bridge  wire  detonators  (RP  83),  commercial 
blasting  caps  (No.  8),  and  No.  eights  attached  to  short  lengths  of  prima  cord  were  used 
to  impart  the  energy  to  the  fluids  in  the  canisters  to  produce  the  simulated  shape  charge 
hydraulic  ram.  The  detonators  and  prima  cord  charges  were  inserted  into  the  canisters 
from  the  top  and  were  centered  in  the  canister.  The  witness  plate  was  then  placed  on 
top  of  the  canister  and  the  charge  was  detonated.  The  test  procedure  called  for  measu- 
ing  the  shock  and  drag  phase  of  the  canister  internal  pressure  and  for  measuring  the 
height  that  the  witness  plare  was  launched  by  the  dynamic  forces.  Witness  plate 
velocities  were  measured  by  breakwire  electronic  circuits  and  by  calculations  based  on 
video  camera  recording  observations.  Video  camera  coverage  was  also  provided  for 
measuring  the  height  that  the  witness  plare  traveled.  A  8-ft  high  griaded  background 
was  prepared  for  use  in  the  height  measurements  from  video  recordings  and  a  20-ft 
high  ruled  pole  was  positioned  next  to  the  background  for  tests  where  the  witness  plate 
went  more  than  8  ft  high.  A  total  of  22  preliminary  tests  followed  by  18  proof  tests  were 
performed  using  the  three  container  sizes. 

Initially,  tests  were  conducted  with  the  piezoelectric  pressure  transducers  mounted 
directly  to  the  canister  baseplate.  These  tests  often  resulted  in  severe  shock/vibration- 
caused  damage  to  the  transducer  and  loss  of  the  pressure-time  histories.  Several 
"fixes"  were  incorporated  and  tested  in  an  attempt  to  reduce  the  vibration  related  loads 
that  were  believed  to  be  damaging  the  pressure  transducers.  Subsequently,  test 
yielded  information  indicating  that  the  transducers  were  indeed  being  damaged  by 
shock  loading  and  not  by  overpressures  or  by  compressive  side  loads.  A  scheme  was 
developed  to  shock  isolate  the  transducer  and  was  successfully  demonstrated.  This 
scheme  involved  mounting  the  pressure  transducer  within  a  thick  concrete  pad  (fig.  1). 
A  1-in.  steel  plate  was  bolted  to  the  concrete  pad.  The  canister  baseplate  was,  in  turn, 
bolted  to  the  steel  plate.  Both  the  1-in.  steel  plate  and  the  canister  baseplate  had  a 
slightly  oversized  hole  machined  into  them  to  permit  the  transducer  to  mount  flush  with 
the  inside  of  the  canister  baseplate.  The  void  around  the  transducer  was  filled  with  an 
RTV  potting  material  which  would  prevent  leakage  of  the  liquid  propellant  and  would 
also  isolate  the  transducer  from  any  metal  contact  with  the  canister  baseplate. 
Photographs  of  a  typical  test  setup  and  also  a  view  into  the  canister  where  the  "potted" 
transducer  is  visible  are  shown  in  figure  2. 
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Summaries  of  the  tesis  performed  including  the  preliminary  tests  are  given  in  tables 
1  and  2;  witness  plate  launch  heights  and  maximum  pressuiu  in  table  1  and  witness 
plate  velocities  in  table  2.  The  following  section  presents  short  summaries  of  each  of 
the  tests  conducted. 

Preliminary  Tests 

Test  No.  1.  This  test  employed  a  1/2  gal  canister  filled  with  water.  A  single 
RP  83  detonator  having  a  total  explosived  weight  of  16  grains  was  used.  The  test  was 
conducted  using  a  light  witness  plare  (8  in.  x  8  in.  x  1/2  in.)  which  was  launched  to  a 
height  of  20.5  feet.  For  this  test,  the  witness  plate  velocity  as  measured  from  video  tape 
recording  was  40  ft/s  at  the  1  -ft  height.  The  analysis  of  the  pressure  data  did  not  yield 
any  usable  data.  High  intensity  shock  and  vibration  loads  in  the  fixture  damaged  the 
transducer’s  internal  amplifier.  The  canister  suffered  minor  damage  consisting  primarily 
of  some  bluding  in  the  sides  of  the  canister.  The  damaged  transducer  was  discarded. 

Test  No.  2.  This  test  employed  a  1/2  gal.  canister  filled  with  water.  An  RP 
83  detonator  and  a  2.4  In.  section  of  80  grain  per  foot  prima  cord  provided  a  combined 
total  explosive  weight  of  32  grains.  The  test  was  conducted  with  the  light  witness  plate 
and  the  plate  was  launched  to  a  height  in  excess  of  64  feet.  For  this  test,  the  witness 
plate  velocity  as  measured  from  video  tape  recroding  was  66.7  ft/s  at  the  2-ft  height. 
The  canister  suffered  major  bulging  in  the  sidewalls  but  no  other  major  damage.  The 
pressure  recording  for  this  test  was  evaluated  and  found  to  contain  several  higher 
frequency  data  that  were  coupling  over  the  pressure  data  making  it  impossible  to 
determine  actual  pressures.  It  was  felt  that  these  extaneous  signals  were  probably 
being  caused  by  side  loading  of  the  transducer.  The  transducer  was  damaged  inter¬ 
nally  and  was  discarded. 

Test  No.  3  This  test  was  performed  using  liquid  propellant  in  the  1/2  gal. 
container  and  was  initiated  using  a  single  RP  83  EBWS  detonator  and  the  light  (1/2  in. 
thick)  witness  plate.  For  this  test,  the  pressure  transducer  was  "potted"  using  an  RTV 
material  to  eliminate  any  side  loads.  The  test  launched  the  witness  plate  to  a  height  of 
approximately  27  ft  and  the  canister  suffered  slight  dmage  consisting  of  bulging  in  the 
sidewalls.  For  This  test,  the  witness  plate  velocity  as  measured  for  video  tape  recording 
was  42.9  ft/s  at  the  2-ft  height.  There  was  no  evidence  of  any  kind  of  reaction  or  ignition 
by  the  liquid  propellant.  The  analysis  of  the  pressure  trace  again  showed  the  coupling 
of  extraneous  responses  over  the  pressure  data  making  the  determination  of  actual 
pressure  impossible.  The  transducer  was  damaged  internally  and  had  to  be  discarded. 
It  appears  that  the  transducer  was  still  experiencing  side  loads,  and  a  review  of  the 
video  showed  that  the  canister  baseplate  appeared  to  be  re  bounding  upward  and 
flexing  from  the  dynamic  loads.  It  was  decided  to  try  and  isolate  the  pressure 
transducer  by  enlarging  the  cavity  well  surrounding  the  diaphragm  end  in  the  baseplate 


so  that  any  plate  flexure  would  not  be  directly  in  contact  with  the  transducer  body.  In 
addition,  the  test  canister  was  rigidly  attached  to  massive  steel  support  plate  in  order  to 
try  and  dampen  the  response  of  the  base  plate. 

Test  No.  4.  This  test  was  conducted  using  another  1/2  gal.  container  filled 
with  liquid  propellant  and  with  a  smaller  detonator,  a  no.  8  commercial  blasting  cap  that 
contains  approximately  8  grains  of  explosive.  This  test  also  used  the  heavier  (1.0-in. 
thick)  witness  plate  and  with  the  pressure  transducer  mounted  in  the  larger  cavity.  The 
cap  was  initiated  and  the  witness  plate  flew  9.5  feet.  For  this  test,  the  witness  plate 
velocity  as  measured  from  video  tape  recording  was  22.2  ft/s  at  the  2-ft  height.  The 
canister  suffered  minor  damage  consisting  of  slight  bulging  in  the  sidewalls.  However, 
the  analysis  of  the  pressure  data  again  showed  coupling  of  extraneous  signals  and 
subsequent  evaluations  indicated  that  the  transducer  was  picking  up  the  canister 
vibrations  induced  by  the  blast.  The  "ringing"  of  the  canister  and  baseplate  was  being 
picked  up  by  the  transducer  and  was  being  coupled  with  the  pressure  signals.  It  was 
decided  that  in  the  next  test  the  transducer  should  be  completely  isolated  from  the 
baseplate  which  could  be  accomplished  by  inserting  the  transducer  inside  of  a  nylon 
bushing  which  would  then  be  threaded  into  the  canister  baseplate. 

Test  No.  5.  This  test  was  conducted  with  a  1/2  gal.  canister  and  a  no.  8 
cap.  Water  was  used.  The  pressure  transducer  was  isolated  from  the  baseplate  in  a 
nylon  bushing.  The  no.  8  detonator  was  initiated  and  the  witness  plate  was  launched 
5.75  feet.  For  this  test,  the  witness  plate  velocity  as  measured  from  video  tape  record¬ 
ing  was  20  ft/s  at  the  1  -ft  height.  The  blast  loads  sheared  the  threads  on  the  nylon 
bushing  and  the  transducer  was  blown  out  the  baseplate.  The  transducer  was 
recovered  on  the  ground  and  found  to  be  unharmed.  A  review  of  the  pressure  data 
recording  showed  a  maximum  dynamic  pressure  of  30,000  lb/in.2 

Test  No.  6.  This  test  used  a  1-qt  container  full  of  water  and  the  small 
detonator  (8  grains  of  explosives).  The  1-in.  thick  witness  plate  was  used  on  this  test 
and  pressure  transducer  was  isolated  from  the  baseplate  with  a  "stand-off"  tube.  One 
end  of  the  tube  was  threaded  into  baseplate  while  the  other  end  connected  to  a  conver¬ 
sion  fitting,  a  Swagelok  coupling,  and  a  fitting  into  which  the  pressure  transducer  was 
threaded.  The  tube  transmitted  dynamic  pressures  to  the  transducer  and  at  the  same 
time  prevented  the  transducer  from  sensing  mechanical  vibrations.  The  detonator  was 
fired  and  the  witness  plate  was  launched  to  a  height  of  2.6  feet.  For  this  test,  the  wit¬ 
ness  plare  velocity  as  measured  from  video  tape  recording  was  12.5  ft/s  at  the  1  -ft 
height.  The  pressure  transducer  signal  measured  corresponded  to  a  maximum 

dynamic  pressure  of  8,000  lb/in2.  The  canister  suffered  minor  damages  again  consist¬ 
ing  of  a  deformation  of  the  sidewalls  through  plastic  deformation 

Test  No.  7.  This  test  was  conducted  on  a  1/2  gal.  container  filled  with 
water  and  using  a  no.  8  detonator  cap.  The  pressure  transducer  was  mounted  using 
the  stand-off  tube  as  was  done  in  the  previous  test.  The  initiator  was  fired  and  the 


1,0-in.  thick  witness  plate  lid  was  launched  approximately  7  feet.  For  this  test,  the 
witness  plate  velocity  as  measured  from  a  video  tape  recording  was  20  ft/s  at  the  1  -ft 
height.  The  transducer  peak  pressure  signal  measured  approximately  7,100  lb/in.2 

Test  No.  8.  This  test  was  performed  using  a  1 /2-gal.  canister  filled  with 
water.  A  single  no.  8  detonator  having  an  equivalent  HMX  explosive  weight  of  7.78 
grains  was  employed.  The  test  was  conducted  using  a  heavy  witness  plate  (8  in.  x  8  in. 
x  1  in.)  which  was  launched  to  a  height  of  6.5  feet.  For  this  test,  the  witness  plate 
velocity  as  measured  from  a  video  tape  recording  was  20  ft/s  at  the  1  -ft  height.  This 
test  used  two  pressure  transducers.  The  first  transducer  (no.  1)  was  installed  in  a  nylon 
insert  which  in  turn  was  screwed  directly  into  the  canister  baseplate;  the  second  (No.  2) 
was  installed  in  an  offset  tube  arrangement  consisting  of  a  fitting  housing  the 
transducer,  a  stainless  steel  tube  segment,  and  a  Swagelok  connector,  and  the  tube 
was  threaded  at  the  other  end  and  attached  directly  to  the  canister  baseplate.  The 
purpose  of  the  stand-off  arrangement  was  to  isolate  the  transducer  from  the  plate.  The 
anlysis  of  the  pressure  data  showed  that  the  transducer  in  the  nylon  insert  directly 
attached  to  the  canister  measured  an  initial  maximum  peak  pressure  of  19,840  lb/in.2 
and  transducer  no.  2  (in  the  stand-off  tube)  measured  an  initial  maximum  peak  pressure 

of  5,780  lb/in.2.  The  pressure  measured  by  transducer  no.  2  was  attenuated  by  the 
stand-off  tube  arrangement.  Both  transducers  appeared  to  survive  the  test  undamaged, 
and  were  installed  for  the  next  test.  The  canister  suffered  minor  damage  consisting 
primarily  of  some  bulging  in  the  sides  of  the  canister. 

Test  No.  9.  This  test  was  a  repeat  of  the  previous  test  and  employed  a 
1/2-gal.  canister  filled  with  water  and  tested  with  a  no. 8  detonator.  The  test  was  con¬ 
ducted  with  the  1-in.  thick  witness  plare  and  with  the  two  transudcers,  one  in  the  nylon 
insert  and  the  other  in  the  stand-off  tube  arrangement.  The  witness  plate  was  launched 
to  a  hieght  of  6  ft  and  the  canister  suffered  major  bulding  in  the  sidewalls  but  no  other 
major  damage.  For  this  test,  the  witness  plate  velocity  as  measured  from  a  video  tpe 
recroding  was  20  ft/s  at  the  1  -ft  height.  The  pressure  recordings  for  this  test  were 
evaluated  and  the  transudcer  in  the  nylon  insert  gave  measured  data  with  an  initial  peak 
pressure  of  approximately  24,300  lb/in.2  and  a  maximum  pressure  of  31 ,470  lb/in.2.  The 
second  transducer  in  the  stand-off  tube  measured  a  maximum  of  4,880  lb/in.  which 
again  appeared  to  be  significantly  attenuated.  Post-test  inspection  revealed  that  the 
nylon  insert  had  failed  and  the  transducer  and  a  portion  of  the  insert  had  been  blown 
out  of  the  canister  mounting  by  the  shock  load.  It  was  decided  that  the  stand-off  tube 
arrangement  was  causing  significant  attentuation  of  the  pressure  signals  and  was  not  to 
be  used  in  subsequent  tests.  The  "insert"  technique  appeared  to  work  adequately; 
however,  it  was  decided  to  use  a  stronger  type  of  insert  to  withstand  more  of  the  shock 
and  vibration  loads  than  the  nylon  insert  was  able  to  withstand. 

Test  No.  10.  This  test  was  performed  using  a  quart  container  filled  with 
water  and  was  initiated  by  detonating  a  single  no.  8  EBW  detonator.  The  light  (1/2-in. 
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thick)  witness  plate  used  for  this  test  and  the  pressure  transducer  was  installed  in  a 
metal  fitting  which,  in  turn,  was  isolated  from  the  canister  baseplate  using  a  nylon 
bushing.  The  test  launched  the  witness  plate  to  a  height  of  approximately  6.3  ft  and  the 
canister  suffered  slight  damage  consisting  of  bulging  in  the  sidewalls.  For  this  test,  the 
witness  plate  velocity  as  measured  from  a  video  tape  recording  was  16.7  ft/s  at  the  1  -ft 
height.  The  analysis  of  the  pressure  trace  showed  a  maximum  peak  pressure  of  24,370 

lb/in.2. 


Test  No.  11.  This  test  was  a  repeat  of  the  previous  test  and  used  a  quart 
filled  with  water,  a  no.  8  detonator,  and  the  light  witness  plate.  The  detonator  was 
initiated  and  the  witness  plate  flew  7.0  feet.  For  this  test,  the  witness  plate  velocity  as 
measured  from  a  video  tape  recording  was  20  ft/s  at  the  1  -ft  height.  The  canister 
suffered  minor  damage  consisting  of  slight  bulging  in  the  sidewalls.  The  analysis  of  the 
pressure  data  revealed  a  maximum  initial  peak  pressure  of  21,000  lb/in.2  and  also 
revealed  that  the  transducer  was  severely  damaged  during  the  test.  Only  the  peak 
initial  pressure  data  appear  to  be  usable.  It  was  decided  that  in  the  next  test  the 
transducer  should  be  completely  isolated  from  the  baseplate  which  could  be  ac¬ 
complished  by  mounting  the  transducer  on  a  separate  plate,  drilling  a  penetration  in  the 
canister  baseplate,  placing  the  canister  over  the  transducer,  and  potting  it  with  RTV  to 
provide  a  seal 

Test  No.  12.  This  test  was  a  repeat  of  the  quarter  test  with  the  transducer 
mounted  in  a  separate  plate  and  the  canister  placed  over  the  transducer.  A  no.  8  cap 
was  used  as  was  the  light  witness  plate.  The  no.  8  detonator  was  initiated  and  the 
witness  plate  was  launched  5.5  feet.  For  this  test,  the  witness  plate  velocity  as 
measured  from  a  video  tape  recording  was  20  ft/s  at  the  1  -ft  height.  The  pressure 
transducer  data  indicated  a  maximum  peak  initial  pressure  of  26,000  lb/in.2  but  once 
again,  the  press  'e  trace  indicated  that  the  transducer  had  been  damaged  and  that  the 
peak  initial  pressure  data  were  the  only  usable  data.  A  test  was  conducted  to  deter¬ 
mine  the  accelerations  being  generated  in  order  to  see  if  the  transducers  were  being 
damaged  by  shock  loading  or  by  side  loads.  The  test  was  conducted  using  the  same 
setup  previously  tested  (i.e.,  a  quart  container,  a  no.  8  detonator,  and  alight  witness 
plate).  The  resultant  acceleration  measurements  indicated  that  the  transducers  were 
bing  subjected  to  peak  accelerations  in  excess  of  79,000  g's  and  the  vibration  loads 
exceed  26,000  g's  peak  to  peak.  It  became  obvious  from  these  data  that  the 
transducers  were  being  damaged  by  vibration  loads  and  not  side  loads  and  that  the 
transducers  would  have  to  be  shock  isolated.  In  order  to  shock  isolate  the  transducers, 
it  was  decided  to  suspend  the  transducer  within  a  metal  fitting  (that  could  be  attached  to 
the  canister  baseplate)  and  isolate  the  transducer  from  the  fitting  by  potting  it  within  the 
fitting  using  a  suitable  material. 

Test  No.  13.  This  test  was  a  repeat  of  test  12  but  with  the  new  transducer 
support  design.  The  test  used  a  1-qt  container  full  of  water,  a  no.  8  detonator,  and  the 
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light  witness  plate.  The  detonator  was  fired  and  the  witness  plare  was  launched  to  a 
height  of  6.0  feet.  For  this  test,  the  witness  plate  velocity  as  measured  from  a  video 
tape  recording  was  20  ft/s  at  the  1  -ft  height.  The  pressure  transducer  signal  measured 
corresponded  to  a  maximum  peak  initial  pressure  of  19,900  lb/in.2,  and  the  pressure 
trace  indicated  that  the  transducer  had  survived  the  event.  The  canister  suffered  minor 
damages  consisting  of  bulging  of  the  sidewalls  through  plastic  deformation. 

Test  No.  14.  This  test  was  conducted  on  a  1 /2-gal.  container  filled  with 
water  and  using  a  no.  8  detonator  cap.  The  new  pressure  transducer  mounting  design 
used  in  the  previous  test  was  again  used.  The  initiator  was  fired  and  the  1/2-in.  thick 
witness  plare  was  launched  approximately  12  feet.  For  this  test,  the  witness  plare 
velocity  as  measured  from  a  video  tape  recording  was  40  ft/s  at  the  2-ft  height. 
Measured  peak  initial  shock  pressure  was  25,600  ilb/in.2.  The  canister  suffered  similar 
damage  to  previous  tests  consisting  of  bulging  in  the  sidewalls. 

Test  No.  15.  This  test  was  conducted  using  the  pint-size  container  full  of 
water  and  the  no.  8  detonator.  The  light  witness  plate  was  used,  and  the  pressure 
transducer  potted  in  the  fitting  was  mounted  in  the  canister  baseplate.  The  detonator 
was  initiated,  and  a  peak  initial  pressure  of  27,400  lb/in.2  was  recorded.  The  witness 
plate  was  launched  to  a  height  cl  5  feet.  The  witness  plate  velocity  as  measured  from  a 
video  tape  recroding  was  14.3  ft/s  at  the  1  -ft  height.  The  entire  pressure-time  history 
was  again  recorded  by  the  transducer  and  a  post-test  inspection  of  the  canister  showed 
minor  damage  consisting  of  sidewall  bulging  of  the  container. 

Test  No.  16.  This  test  was  a  repeat  of  the  previous  test  only  with  a  higher 
input  energy.  A  no.  8  oetonator  and  3/4  in.  of  the  80  grain  per  foot  prima  cord  were 
inserted  into  the  pint  container.  This  yielded  a  combined  total  explosive  weight  of  12.78 
grains.  The  container  was  filled  with  water  and  the  light  witness  plate  was  positioned  on 
top  of  the  canister.  The  potted  pressure  transducer  was  mounted  to  the  canister 
baseplate  and  the  initiator  was  detonated.  The  light  witness  plate  was  launched  to  a 
height  of  6.25  ft  and  an  initial  peak  pressure  in  excess  of  55,000  lb/in.2  was  recorded. 
For  this  test,  the  witness  plate  velocity  as  measured  from  a  video  tape  recording  was  20 
ft/s  at  the  1  -ft  height.  A  review  of  the  entire  pressure  record  showed  that  once  again, 
the  transducer  had  been  damaged  and  that  erroneous  date  had  been  recorded  coupled 
with  a  realistic  pressure-time  history. 

Test  No.  17.  This  test  was  performed  using  a  quart  container.  The  no.  8 
detonator  and  the  3 M  in.  oi  prima  cord  were  used  to  produce  a  higher  input  energy. 
The  container  was  filled  with  water  and  a  new  gage  potted  in  the  metal  fitting  as  done  in 
the  previous  successful  tests  was  installed  in  the  canister  baseplate.  The  detonator 
was  initiated  and  the  witness  plate  was  launched  to  a  height  of  6.5  feet.  For  this  test, 
the  witness  plate  velocity  as  measured  from  a  video  tape  recording  was  20  ft/s  at  the 
1  -ft  height  A  maximum  initial  shock  peak  pressure  in  excess  of  15,500  lb/in.2  was 
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measured  and  once  again,  the  transducer  was  severely  damaged  by  the  shock  loads 
and  erroneous  high  pressure  data  both  positive  and  negative  were  recorded.  As  a 
result,  the  actual  pressure-time  history  was  not  retrievable  from  the  data.  The  canister 
suffered  minor  damage  consisting  of  bulging  in  the  sidewalls. 

Test  No.  18.  This  test  was  a  repeat  of  the  previous  test  and  was  per¬ 
formed  because  of  suspicions  that  the  transducer  might  have  been  damaged  during 
initial  installation.  A  new  transducer  was  potted  in  the  fitting  and  installed  in  the  quart 
container.  The  container  was  filled  with  water  and  the  no.  8  detonator  and  3/4-in.  prima 
cord  were  initiated.  The  resultant  loads  launched  the  light  witness  plare  8.0  ft  into  the 
air,  and  the  container  was  slightly  bulged.  For  this  test,  the  witness  plare  velocity  as 
measured  from  a  video  tape  recording  was  25  ft/s  at  the  i  -ft  height.  A  review  of  the 
pressure  data  showed  a  maximum  initial  peak  pressure  of  20,200  lb/in.2  and  also 
showed  that  the  transducer  survived  the  test. 

Test  No.  19.  This  test  was  conducted  using  the  1/2-gal.  container  full  of 
water  and  the  no. 8  detonator  and  3/4  in.  of  prima  cord.  The  detonator  was  initiated,  and 
the  light  witness  plate  was  launched  to  a  height  of  1 7  feet.  For  this  test,  the  witness 
plare  velocity  as  measured  from  a  video  tape  recording  was  33.4  ft/s  at  the  1  -ft  height. 
The  analysis  of  the  pressure  data  indicated  a  maximum  initial  peak  pressure  in  excess 
of  38,000  lb/in.2  and  showed  that  once  again,  the  transducer  had  been  damaged  by  the 
shock  loads  and  erratic  high  frequency,  high  pressure  data  were  recorded  over  the 
actual  time-pressure  history  rendering  the  data,  other  than  the  initial  peak  pressure, 
useless.  It  was  decided  that  rather  than  continue  testing  at  the  higher  energy  levels 
with  water  and  continue  destroying  transducers,  that  testing  with  the  liquid  propellant  at 
the  lower  energies  should  be  initiated.  This  would  allow  for  comparisons  to  be  made 
between  the  water  filled  and  the  liquid  propellant  filled  containers  at  the  lower  energy 
level. 


Test  No.  20.  This  test  was  conducted  using  the  1/2  gal.  canister  filled  with 
NOS  365  and  using  the  light  witness  plate.  A  single  no.  8  detonator  was  installed 
midway  in  the  canister  and  initiated.  The  witness  plate  was  launched  to  a  height  in 
excess  of  28  ft  and  the  maximum  initial  pressure  measured  was  in  excess  of  32,500 
lb/in.2.  For  this  test,  the  witness  plate  velocity  as  measured  from  a  video  tape  recording 
was  50  ft/s  at  the  1  -ft  height.  The  analysis  of  the  entire  pressure  data  indicated  that  the 
transducer  was  severely  damaged  during  the  test  and  erroneous  data  was  again  re¬ 
corded  over  the  actual  pressure-time  history,  preventing  the  extraction  of  the  actual 
pressure-time  history. 

Accelerometer  Tests.  To  measure  the  accelerations  that  the  potted 
transducers  were  being  subjected  to,  it  was  decided  to  pot  an  accelerometer  in  the 
same  fitting  as  the  transducer  and  perform  tests  to  measure  the  accelerations.  These 
tests  indicated  that  the  pressure  transducers  were  still  being  subjected  to  large  ac- 
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celerations  that  were  damaging  the  transducers.  In  order  to  minimize  the  accelerations, 
it  was  decided  that  the  pressure  transudcer  would  have  to  be  completely  isolated  from 
the  canister  and  that  the  test  setup  should  be  more  rigid  and  massive  if  the  accelera¬ 
tions  were  to  be  damped.  The  pressure  transducer  was  therefore  mounted  in  a  mas¬ 
sive  concrete  pad  so  that  the  transducer  protruded  1.5  in.  above  the  concrete.  A  1-in. 
steel  baseplate  with  a  large  hole  for  the  transducer  was  bolted  to  the  concrete  and  the 
test  canister  was  then  bolted  to  the  steel  plate.  The  1/2-in.  canister  baseplates  also  had 
a  hole  drilled  for  the  transducer  so  that  when  the  assembly  was  complete,  the 
transducer  fit  flush  with  the  inside  bottom  of  the  canister.  The  hole  in  the  canister  was 
drilled  oversize  to  allow  the  baseplate  to  flex  without  loading  the  sides  of  the  transducer, 
and  the  oversize  was  filled  with  a  potting  compound  to  insure  a  leak-proof  seal. 

Test  No.  21.  This  test  was  performed  using  the  new  massive  test  fixture 
and  a  1 /2-gal.  container  filled  with  water,  the  light  witness  plate,  and  a  single  no.  8 
detonator.  The  detonator  was  initiated  and  the  witness  plate  was  launched  to  a  height 
of  16.5  feet.  For  this  test,  the  witness  plare  velocity  as  measured  from  a  video  tape 
recording  was  33.4  ft/s  at  the  1  -ft  height.  A  preliminary  review  of  the  peak  initial  pres¬ 
sure  indicated  a  pressure  of  10,000  lb/in.2,  and  also  indicated  that  the  transducer  had 
survived  the  test,  and  a  record  of  the  entire  pressure-time  history  had  been  recorded. 
As  was  the  case  in  the  previous  tests,  damage  to  the  canister  was  limited  to  bulging  of 
the  lower  sidewalls,  with  no  catastrophic  failures. 

Proof  Tests 

Test  No.  22.  This  test  was  performed  using  1/2  gal.  canister  filled  with 
water.  A  single  no.  8  detonator  having  an  equivalent  HMX  explosive  weight  of  7.78 
grains  was  employed.  The  test  was  conducted  using  a  light  witness  plate  (8  in.  x  8  in.  x 
1/2  in.)  which  was  launched  to  a  height  of  15.0  feet.  For  this  test,  the  witness  plate 
velocity  as  measured  from  a  video  tape  recording  was  25  ft/s  at  the  1  -ft  height.  The 
analysis  of  the  pressure  data  showed  that  the  pressure  transducer  measured  an  initial 
maximum  peak  pressure  of  11,400  lb/in.2  and  recorded  the  entire  pressure-time  history 
(fig.  3).  The  transducer  appeared  to  survive  the  test  undamaged,  and  the  1/2  gal. 
canister  suffered  minor  damage  which  consisted  primarily  of  some  bulging  in  the  sides 
of  the  canister.  As  before,  no  welds  were  broken,  and  the  witness  plate  was  not 
noticeably  deformed. 

Test  No.  23.  This  test  was  a  repeat  of  the  previous  test  with  the  exception 
that  this  test  used  NOS  365  liquid  propellant  instead  of  water.  The  1  /2-gal.  canister  was 
filled  with  the  liquid  propellant;  a  no.  8  detonator  was  inserted  midway  into  the  canister; 
and  then  the  1/2-in.  thick  witness  plate  was  placed  on  top  of  the  canister.  The  detonator 
was  initiated  and  the  witness  plate  was  launched  to  a  height  of  24  feet.  For  this  test,  the 
witness  plate  velocity  as  measured  from  a  video  tape  recording  was  25  ft/s  at  the  1  -ft 
height.  The  pressure  recording  was  evaluated,  and  the  transducer  measured  an  initial 
peak  of  17,500  psi.  The  initial  peak  pressure  and  the  entire  pressure-time  history  for 
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this  test  are  shown  in  figure  4.  The  canister  suffered  major  bulging  in  the  sidewalls  but 
no  other  major  damage.  The  transducer  survived  the  test  and  was  reused  on  the  next 
test. 

Test  No.  24.  This  test  was  performed  using  a  quart  container  filled  with 
water  and  was  initiated  by  detonating  a  single  no.  8  EBW  detonator.  The  light  (1/2-in. 
thick)  witness  plate  used  for  this  test.  The  detonator  was  initiated  and  the  test  launched 
the  witness  plate  to  a  height  of  approximately  6.5  ft,  and  the  canister  suffered  slight 
damage  consisting  of  bulging  in  the  sidewalls.  For  this  test,  the  witness  plate  velocity 
as  measured  from  a  video  tape  recording  was  40  ft/s  at  the  2-ft  height.  The  analysis  of 

the  pressure  trace  (fig.  5)  showed  a  maximum  peak  pressure  of  14,250  lb/in.2.  The 
pressure-time  history  for  this  test  and  the  fact  that  a  second  major  pressure  spike 
occurred  shortly  after  the  first  spike  are  also  shown  in  this  figure.  This  second  pressure 
spike  could  be  the  first  reflection  of  the  initial  shock  wave  generated  by  the  cap 
detonation. 

Test  No.  25.  This  test  was  a  repeat  of  the  previous  test  and  used  a  quart 
filled  with  NOS  365  instead  of  water.  A  no.  8  detonator  and  the  light  witness  plate  lid 
were  used  for  this  test.  The  detonator  was  initiated  and  the  witness  plate  flew  12.0  feet. 
For  this  test,  the  witness  plate  velocity  as  measured  from  a  video  tape  recording  was  25 
ft/s  at  the  1  -ft  height.  The  canister  suffered  minor  damage  consisting  of  slight  bulging  in 
the  sidewalls.  The  analysis  of  the  pressure  data  revealed  a  maximum  initial  peak 
pressure  of  15,515  lb/in.2  (fig.  6)  and  also  that  a  second  pressure  peak  occurred  shortly 
after  the  first.  The  second  peak  was  more  severe  than  the  first  peak  and  measured 

12,710  lb/in.2.  The  transducer  measured  the  entire  pressure-time  history  (fig.  6)  and 
was  reused  in  the  next  test. 

Test  No.  26.  This  test  was  performed  using  the  pint  canister  filled  with 
water.  A  no.  8  detonator  was  used,  as  was  the  light  witness  plate.  The  detonator  was 
initiated  and  the  witness  plate  was  launched  5.5  feet.  For  this  test,  the  witness  plate 
velocity  as  measured  from  a  video  tape  recording  was  20  ft/s  at  the  1  -ft  height.  The 
pressure  transducer  data  indicated  a  peak  initial  pressure  of  21,000  lb/in.2  and  several 
larger  pressure  peaks  occurring  later  in  the  event  (fig.  7).  The  maximum  pressure 

measured  was  52,857  lb/in.2.  As  was  the  case  in  the  previous  tests,  the  canister  suf¬ 
fered  minor  damages  consisting  of  bulging  in  the  sidewalls. 

Test  No.  27.  This  test  was  a  repeat  of  test  no.  26  but  with  the  pint  canister 
full  of  liquid  propellant  instead  of  water.  A  no.  8  detonator  and  the  light  witness  plate 
were  used  for  this  test.  The  detonator  was  fired  and  the  witness  plare  launched  to  a 
height  of  9.5  feet.  For  this  test,  the  witness  plate  velocity  as  measured  from  a  video 
tape  recording  was  25  ft/s  at  the  1  -ft  height.  The  pressure  transducer  measured  an 


initial  peak  pressure  of  13,800  lb/in.2  and  recorded  the  maximum  pressure  of  24,800 
lb/in.2  approximately  0.075  ms  after  the  detonator  was  initiated.  The  entire  pressure¬ 
time  history  is  shown  in  figure  8.  The  canister  suffered  minor  damage  consisting  of 
bulging  in  the  sidewalls. 

Test  No  28.  This  test  was  conducted  on  a  quart  container  filled  with  water 
andusing  a  no.  8  detonator  cap  and  3/4  in.  portion  of  the  prima  cord.  The  larger 
detonator/prima  cord  configuration  resulted  in  an  energy  of  3,817  ft-lb  being  applied  to 
the  canister.  The  initiator  was  fired  and  the  1/2-in.  thick  witness  plate  was  launched 
approximately  9  feet.  For  this  test,  the  witness  plate  velocity  as  measured  from  video 
tape  recording  was  33  ft/s  at  the  1  -ft  height.  The  pressure  transducer  output  is  shown  in 
figure  9.  Measured  peak  initial  shock  pressure  was  16,800  lb/in.2  and  once  again, 
several  large  spikes  were  measured  after  the  first.  It  appears  that  the  later  pressure 
spikes  are  the  initial  shock  wave  reflections  as  the  wave  travels  in  the  canister.  The 
canister  suffered  similar  damage  to  previous  tests  consisting  of  bulging  in  the  sidewalls. 

Test  No.  29.  This  test  was  conducted  using  the  quart-size  container  full  of 
NOS  365  liquid  propellant  instead  of  water  and  the  no.  8  detonator  with  the  3/4-in. 
segment  of  prima  cord.  The  light  witness  plate  was  again  used  and  was  launched  to  a 
height  of  1.65  ft  when  the  detonator  was  initiated.  For  this  test,  the  witness  plate 
velocity  as  measured  from  a  video  tape  recording  was  33  ft/s  at  the  1  -ft  height.  The 
pressure  transducer  measured  a  peak  initial  pressure  of  9,7000  lb/in.2  and  a  maximum 
pressure  peak  of  36,410  lb/in.2.  The  maximum  pressure  recorded  occurred  later  in  the 
test  as  shown  in  figure  10.  A  post-test  inspection  of  the  canister  showed  minor  damage 
consisting  of  sidewall  bulging  of  the  container. 

Test  No.  30.  This  test  was  performed  using  the  1 /2-gal.  container  filled 
with  water.  A  no.  8  detonator  and  3/4  in.  of  the  80  grain  per  foot  prima  cord  were 
detonated  and  the  light  witness  plate  was  launched  to  a  height  of  23  feet.  For  this  test, 
the  witness  plate  velocity  as  measured  from  a  video  tape  recording  was  40  ft/s  at  the 
1  -ft  height.  The  pressure  transducer  measured  an  initial  peak  pressure  of  16,500  lb/in.2 
and  a  maximum  pressure  of  48,400  lb/in.2  occurring  approximately  0.060  ms  after  the 
initial  peak  pressure.  The  pressure-time  history  was  recorded  and  is  presented  here  as 
figure  11.  A  post-test  inspection  of  the  canister  showed  minor  damage  consisting  of 
bulging  in  sidewalls. 

Test  No.  31.  This  test  was  a  repeat  of  the  previous  test  with  the  exception 
that  it  was  performed  using  liquid  propellant  instead  of  water.  The  no.  8  detonator  and 
the  3/4  in.  of  prima  cord  were  used  as  was  the  light  witness  plate.  The  detonator  was 
initiated  and  the  witness  plate  was  launched  to  a  calculated  height  of  62  feet.  For  this 
test,  the  witness  plate  velocity  as  measured  from  a  video  tape  recording  was  66.7  ft/s  at 
the  2-ft  height.  The  pressure  data  recorded  are  shown  in  figure  12.  A  maximum  initial 


shock  peak  pressure  of  10,700  lb/in.2  was  measured  and  once  again,  several  large 
pressure  pulses  occured  later  in  the  test.  A  review  of  the  entire  pressure-time  history 
showed  that  late  in  the  event,  the  pressure  transducer  appeared  to  have  failed  (ap¬ 
proximately  0.150  ms  after  the  detonator  was  initiated).  By  this  time,  the  witness  plate 
had  already  left  the  canister  so  the  losses  of  the  subsequent  pressure  data  was  not 
disastrous.  The  pressure-time  history  data  necessary  for  the  model  is  that  which  occurs 
before  the  plate  is  launched  and  that  data  was  successfully  recorded.  The  canister 
showed  some  major  deformations  in  the  sidewalls  but  no  other  adverse  damages. 

Subsequent  checks  of  the  pressure  transducer  indicated  that  it  was  functioning  nor¬ 
mally.  In  order  to  check  the  transducer,  it  was  decided  to  perform  a  repeat  test  using  a 
quart  canister. 

Test  No.  32.  This  test  was  conducted  to  verify  the  condition  of  the  pres¬ 
sure  transducer  and  was  conducted  on  a  quart  canister  using  water,  a  light  witness 
plate,  and  a  no.  8  detonator  and  3/4  in.  of  prima  cord.  The  detonator  was  initiated  and 
the  light  witness  plate  was  launched  to  a  height  of  11.5  feet.  For  this  test,  the  witness 
plate  velocity  as  measured  from  a  video  tape  recording  was  33.3  ft/s  at  the  1  -ft  height. 

A  portion  of  the  recording  of  the  pressure-time  history  is  presented  in  figure  13  and  a 
maximum  initial  peak  pressure  of  15,800  lb/in.2  was  recorded.  The  maximum  pressure 

measured  was  38,900  lb/in.2  and  occurred  approximately  0.060  ms  after  the  first  peak. 

A  review  of  the  later  pressure  recording  showed  that  once  again  the  transducer  ap¬ 
peared  to  have  been  damaged.  The  pressure  transducer  was  removed  from  the  con¬ 
crete  and  was  found  to  have  a  break  in  the  cable.  The  cable  was  repaired  and  the  i 

transducer  was  checked  out  and  reinstalled  in  the  concrete  pad. 

Test  No.  33.  This  test  was  performed  using  the  quart  canister  filled  with 
water  and  using  the  larger  RP  83  detonator.  This  detonator  imparted  a  higher  energy  of 
4,917  ft-lb  into  the  canister.  The  detonator  was  initiated  and  the  resultant  loads  launch-  a 

ed  the  light  witness  plate  to  a  height  of  8  ft  into  the  air.  For  this  test,  the  witness  plate 
velocity  as  measured  from  a  video  tape  recording  was  25  ft/s  at  the  1  -ft  height.  A 

review  of  the  pressure  data  showed  a  maximum  initial  peak  pressure  of  15,800  lb/in.2 

and  also  showed  a  second  larger  pressure  pulse  occurring  later  in  the  test  (fig  .  14). 

2  i 

Thios  larger  pressure  was  approximately  28,000  lb/in.  and  occurred  approximately 

0.050  ms  after  the  initial  peak.  The  post-test  inspection  revealed  minor  damages  to  the 
canister. 

Test  No.  34.  This  test  was  conducted  using  the  quart  canister  filled  with 
NOS  365  and  using  the  light  witness  plate.  The  larger  RP  83  detonator  was  installed 
midway  in  the  canister  and  initiated.  The  witness  plate  was  launched  to  a  calculated 
height  of  86.9  ft  and  the  maximum  initial  pressure  measured  was  17,310  lb/in.2  (fig.  15). 

For  this  test,  the  witness  plate  velocity  as  measured  from  a  video  tape  recording  was  75 

ft/s  at  the  2-ft  height.  The  analysis  of  the  entire  pressure  data  indicated  that  the  initial  § 

peak  was  the  largest  pressure  recorded  and  post-test  inspection  showed  that  the 
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canister  was  violently  ripped  in  the  test  (figs.  16  and  17).  The  witness  plate  was 
severely  deformed  in  the  test  and  a  review  of  the  video  recording  showed  that  some  of 
the  liquid  propellant  became  involved  and  deflagrated  resulting  in  the  destruction  of  the 
canister.  Three-quarter  canisters  and  3  pint  canisters  have  been  tested  and  the  relative 
damage  that  these  canisters  have  suffered  is  shown  in  figure  18.  None  of  the  canisters 
have  been  damaged  as  severely  as  the  quart  canister. 

Test  No.  35.  This  test  used  a  1/2-gal.  container  filled  with  water  and  an 
RP-83  detonator.  The  test  was  conducted  using  a  light  witness  plate.  The  detonator 
was  initiated  and  the  witness  plate  was  launched  to  a  calculated  height  of  24  feet.  For 
this  test,  the  witness  plate  velocity  as  measured  from  a  video  tape  recording  was  50  ft/s 
at  the  1  -ft  height.  The  initial  peak  pressure  as  measured  by  the  pressure  transducer 

was  20,300  lb/in.2.  The  transducer  recorded  the  entire  pressure-time  history  without 
any  apparent  damage,  and  the  canister  itself  suffered  only  deformations  in  the 
sidewalls. 


Test  No.  36.  This  test  was  a  repeat  of  the  previous  test  using  a  1 /2-gal 
container  only.  The  canister  was  filled  with  NOS  365  liquid  propellant  instead  of  the 
water.  An  RP-83  detonator  was  used  to  deliver  the  4,917  ft-lb  of  energy  and  the  initia¬ 
tion  of  the  detonator  resulted  in  the  light  witness  plate  being  launched  to  a  calculated 
height  of  38  feet.  For  this  test,  the  witness  plate  velocity  as  measured  from  a  video  tape 
recording  was  50  ft/s  at  the  1  -ft  height.  The  initial  peak  pressure  was  measured  at 
21 ,380  lb/in.2  The  canister  suffered  minor  damages  to  the  sidewalls  consisting  of  minor 
bulging.  The  pressure  transducer  recorded  the  pressure-time  history  (fig.  20). 

Test  No.  37.  This  test  was  performed  using  the  pint  canister  filled  with 
water,  with  the  light  witness  plate  and  the  RP-83  detonator.  The  detonator  was  initiated 
and  the  witness  plate  was  launched  to  a  height  of  6  feet.  For  this  test,  the  witness  plate 
velocity  as  measured  from  a  video  tape  recording  was  20  ft/s  at  the  1  -ft  height.  The 
initial  peak  pressure  as  measured  by  the  pressure  transducer  was  21 ,600  lb/in.2  and  the 
pressure-time  history  is  presented  in  figure  21.  The  transducer  appeared  to  have 
survived  the  tests  undamaged  and  the  canister  suffered  only  minor  bulging  in  the  lower 
sidewalls. 


Test  No.  38.  This  test  was  a  repeat  of  the  previous  test  using  NOS  365 
instead  of  water.  The  pint  canister  was  filled  with  the  liquid  propellant  and  an  RP-83 
detonator  was  placed  midway  up  the  canister.  The  detonator  was  functioned  and  the 
liquid  propellant  became  involved  and  either  deflagrated  or  burned  very  rapidly,  gener¬ 
ating  such  large  pressures  that  the  canister  was  totally  destroyed  and  only  the  canister 
baseplate  remained  attached  to  the  steel  mounting  base  (fig.  22).  The  canister  frag¬ 
mented  into  numerous  large  fragments  of  which  only  a  small  number  were  recovered 
(figs.  23  and  24).  The  witness  plate  was  launched  well  out  of  camera  range;  however, 
the  video  camera  was  able  to  capture  the  witness  plate  as  it  fell  to  the  ground  thereby 
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providing  a  measure  of  the  total  time  that  the  plate  was  in  the  air.  From  this  total  air 
time,  it  was  possible  to  estimate  the  height  that  the  plate  traveled  as  being  over  468 
feet.  The  witness  plate  velocity  was  calculated  as  1 74  ft/s.  A  post-test  examination 
showed  that  the  witness  plate  was  severely  deformed  and  the  pressure  transducer  was 
also  damaged  in  the  test.  The  initial  peak  pressure  and  the  pressure-time  histroy  are 
presented  in  figure  25  and  the  peak  initial  pressure  was  measured  as  being  21 ,400 
lb/in.2.  It  was  decided  that  since  only  two  tests  remained,  and  these  tests  involved  the 
pint  canister  filled  with  water  and  with  LP,  and  rather  than  dismantle  the  setup  to  install 
a  new  pressure  transducer,  the  tests  with  pints  would  be  conducted  to  measure.  Only 
here,  the  witness  plate  heights  and  pressures  would  not  be  recorded. 

Test  No.  39.  This  test  used  a  pint  container  filled  with  water  and  was 
conducted  at  the  mid-energy  range  using  a  no.  8  detonator  and  3/4  in.  of  prima  cord. 
The  pressures  were  not  recorded  and  this  test  was  performed  to  measure  the  witness 
plate  height  only.  The  detonator  was  initiated  and  the  witness  plate  was  launched  to  a 
height  of  7  feet.  For  this  test,  the  witness  plate  velocity  as  measured  from  a  video  tape 
recording  was  25  ft/s  at  the  1  -ft  height.  The  canister  suffered  minor  damages  consisting 
of  bulging  in  the  sides. 

Test  No.  40.  This  test  was  performed  with  a  pint  container  and  a  no.  8 
detonator  with  3/4  in.  of  prima  cord  and  using  NOS  365  liquid  propellant  instead  of 
water.  As  was  the  case  in  the  previous  test,  pressures  were  not  recorded  on  this  test. 
The  detonator  was  initiated  and  the  witness  plate  was  launched  to  a  height  of  17.5  feet. 
For  this  test,  the  witness  plate  velocity  as  measured  from  a  video  tape  recording  was  22 
ft/s  at  the  1  -ft  height.  A  post-test  inspection  revealed  similar  minor  damages  to  the 
container. 


DATA  ANALYSIS 

During  the  experiments,  particularly  during  the  preliminary  test,  data  interpretation 
difficulties  were  encountered  as  a  result  of  erroneous  pressure  signals.  The  bad  data 
were  produced  by  the  severe  shock  and  vibration  loads  on  the  pressure  transducer,  a 
PCB  Piezotronics,  Inc.  Model  109A02.  This  120,000  lb/in.2  rated  sensor  is  qualified  to 
withstand  mechanical  shock  loads  of  20.000  g’s  and  vibration  of  2,000  g's.  Before 
finding  appropriate  shock  isolation  mounting,  the  transducer  would  occasionally  give 
good  signals  and  survive.  Initially  good  signals  were  received,  but  then  suffered  internal 
circuitry  damage.  This  damaged  occurred  at  a  very  early  time  near  initial,  peak  blast 
pressure  shock-up.  To  eliminate  suspicions  about  transducer  integrity,  and  see  if 
measurements  were  of  the  right  order  of  magnitude,  the  following  equation  was  ex¬ 
tracted  from  Cole’s  Underwater  Explosions  which  gives  pressure  as  a  function  of  the 
reciprocal  of  the  explosive  weight  scaled  distance  from  the  charge 


Pm  =  k(w1/3/R)a 


where  pressure  is  in  lb/in.2,  weight  is  in  pounds  TNT  equivalent,  distance  is  in  feet,  k  is 
21,600  and  a  is  1.13.  For  experiments  using  water,  table  3  was  constructed  to  show 
that  proof  test  phase  experimental  pressure  measurements  were  of  the  right  magnitude. 

To  provide  insight  into  developing  a  data  correlation  mathematical  model  based  on 
observed  and  recorded  phenomena,  some  preparatory  analysis  was  performed  on  the 
primitive  variable  data  taken  and  predicted.  Plots  of  energy  versus  witness  pl-ite 
heights  have  been  generated  for  those  tests  performed  on  the  rigid  concrete  baseplate 
(tests  22  to  40).  The  witness  plate  height  versus  energy  for  all  of  the  tests  is  shown  in 
figure  26.  Present  comparisons  of  the  water  tests  versus  the  liquid  propellant  tests  for 
the  1/2-gal.  containers,  the  quart  containers,  and  the  pint  containers  are  shown  in 
figures  27  through  29,  respectively.  The  witness  plate  height  data  have  also  been 
plotted  as  a  function  of  energy  per  unit  volume  (fig.  30). 


MODEL  AND  DATA  CORRELATION 


Introduction 

The  model  developed  for  this  study  is  a  phenomenological,  physical  model  based 
on  the  experimental  data  taken.  It  was  decided  at  the  outset  of  this  project  work  to 
chose  what  measurements  to  make  and  then  base  a  model  on  measured  parameters. 
The  data  measurements  were  the  same  type  as  those  made  in  other,  earlier  studies 
related  to  liquid  gun  propellant  vulnerability  and,  in  that  sense,  the  measurements  made 
during  this  study  give  this  work  continuity  to  previous  work.  However,  the  model  corre¬ 
lates  the  data  of  this  work  only  and  does  not  incorporate  data  from  the  other  work.*  It  is 
intended  to  correlate  the  less-than-full  scale  experiments  of  both  types,  high-explosive 
and  shaped-charge  shots  into  LP  filled  canisters,  at  a  future  time  following  more  in- 
depth  evaluations  and  field  tests.  Large-scale  to  full-scale  test  results  can  then  be  used 
to  calibrate  model  correlations.  One  outcome  will  be  design  methodology  for  vul¬ 
nerability  reduction. 


*  An  example  of  previous  work  is  reported  by  W.O.  Seals  in  the  1983  JANNAF  Propul¬ 
sion  Systems  Hazards  Subcommittee  Meeting,  Vol.  1,  July  1983,  and  in  Seals' 
report  BRL-TR-2646  (April  1985)  where  shaped  charges  were  shot  into  canisters 
filled  with  NOS  365. 
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The  modeling  relates  the  input  energy  to  the  observed  output  impulse  and  momen¬ 
tum.  The  purpose  of  the  model  is  to  provide  an  analytic  means  with  which  the  hydraulic 
ram  effect  caused  by  shooting  a  shaped  charge  through  a  liquid  propellant-filled  con¬ 
tainer  may  be  estimated,  for  a  reduced  scale,  by  correlating  data  from  experiments 
which  simulate  shaped  charge  effects  by  release  of  explosive  energy  from  a  high- 
explosive  detonation.  It  is  intended  that  use  and  application  of  the  model  will  provide 
the  means  to  better  understand  the  hydraulic  ram  effect  caused  by  full-scale  shaped 
charge  impacts  into  liquid  propellant  containers  and  to  design  full-scale  liquid  propellant 
containers  for  reduced  vulnerability.  For  thoroughness  and  completion  and  to  use  the 
model  as  a  design  aid  in  the  future,  however,  it  will  be  necessary  to  calibrate  and  adjust 
the  model.  Supplementary  experimental  data  that  incorporate  larger-scale  test  results 
as  well  as  shaped  charge  experimental  test  results  from  reduced  scale  experiments  will 
be  considered. 

The  model  to  be  described  is  based  on  correlating  the  computed  impulse  per  unit 
area  (i.e. ,  specific  impulse)  given  by  the  time  integral  of  the  pressure  that  was  measured 
on  the  base  of  the  canisters  to  the  momentum  of  the  witness  plate.  As  is  the  custom, 
impulse  is  treated  as  a  parameter  that  handily  scales  to  represent  explosive  output 
phenomena.  Witness  plate  momentum  was  reduced  to  water  equivalent  by  scaling  with 
the  fluid  impedance  and  is  considered  in  terms  of  the  relative  surface  area  of  the 
canister  in  ccntact  with  the  plate.  The  relative  wetted  area  of  the  internal  surface  area 
of  the  canister  was  also  considered.  However,  internal  surface  area  consideration  did 
not  improve  the  correlation  of  the  experimental  data. 

The  correlation  results  are  functionally  dependent  on  the  energy  produced  by 
detonation  of  the  explosive  in  the  canister.  This  parametric  functionality  is  considered  in 
the  absolute  sense  and  in  terms  of  the  specific  energy  per  unit  volume. 

The  background  for  the  energy  density  of  explosive  relative  to  the  potential  for  a 
shaped  charge  to  impart  part  of  its  kinetic  energy  into  the  fluid  is  described  and  used  to 
lend  credence  to  the  quantity  of  explosive  employed  in  these  experiments.  These 
scaling  considerations  are  provided  in  the  following  section. 

Scaling 

The  performance  of  two  typical  shaped  charges,  the  81  mm  (approx  3  in.)  and  the 
127  mm  (5  in.),  are  relatively  well-known  (see  ARBRL-TR-02159  by  Majerus  and  Scott, 
April  1979)  and  data  for  these  shaped  charges  were  used  to  determine  the  range  of  the 
quantities  of  high  explosive  that  were  used  in  these  sub-scale  experiments.  The  jet  tip 
velocities  of  the  81 -mm  shaped  charge  is  approximately  7.60  km/s  according  to  Majerus 
and  Scott.  The  jet  tip  velocity  for  the  127  mm  is  approximately  8.10  km/s  and,  like  the 
81  mm,  the  material  is  copper.  The  diameter  of  the  lead  jet  particles  for  the  81 -mm 
shaped  charge  is  about  5.0  mm  and  for  the  127-mm  shaped  charge  the  diameter  of  the 
lead  particles  is  8.0  mm. 
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Assuming  that  the  energy  transfer  from  a  shaped  charge  jet  to  a  fluid  (liquid  propel¬ 
lant)  in  a  container  occurs  by  deposition  of  a  portion  of  the  shaped  charge  jet  kinetic 
energy,  a  complementary  concept  has  been  proposed.  There  is  a  corresponding 
energy  input  that  can  be  obtained  from  other  very  rapid  energy  addition  sources  to 
better  quantify  shaped  charge  effects  with  less  than  full-scale  experiments.  These  are 
conducted  with  less  difficulty  and  at  lower  cost.  Particularly,  the  transfer  of  the  energy 
may  be  by  means  of  an  explosion  blast  from  an  equivalent-energy  high  explosive  blast 
that  produces  a  similar  effect  on  the  fluid  with  regard  to  hydraulic  ram.  In  addition,  the 
concept  is  that  the  effect  of  the  blast  can  be  related,  through  correlation  of  data,  to 
attack  on  a  canister  of  fluid  by  a  shaped  charge  and  then  used  to  assess  liquid  propel¬ 
lant  and  container  vulnerability  to  shaped  charges. 

Comments  and  reporting  by  W.O.  Seals  (e.g.,  1983  JANNAF  Propulsion  Systems 
Hazards  Subcommittee  Meeting,  Vol.  1,  July  1983)  reveal  that  shaped  charge  jets  are 
expected  to  pass  through  canisters  when  a  shaped  charge  is  shot  directly  into  the  liquid 
containing  space  of  the  canister.  In  part,  this  is  due  to  the  relatively  small  size  of  the 
canisters  of  interest.  Therefore,  it  is  reasonable  to  assume  that  the  portion  of  the 
shaped  charge  jet  kinetic  energy  "consumed"  by  the  liquid  is  not  great  for  typical  liquid 
propellant  drum  canisters  of  sizes  that  may  contain  as  much  as  20  to  30  gallons.  A 
large  part  of  the  jet  passes  through  canister  sizes  of  interest.  However,  if  it  is  assumed 
that  the  jet  kinetic  energy  going  into  the  impact  event  on  the  liquid  is  equivalent  to  the 
kinetic  energy  from  a  ten  lead  particle  diameter  lengths  portion  of  the  jet's  mass,  then 
the  corresponding  jet  mass  is  8.7  grams  for  the  81 -mm  shaped  charge  and  35.8  grams 
for  the  127-mm  shaped  charge.  These  assumptions  result  in  energy  transfer  to  the  fluid 
of  approximately  185,200  ft-lbf  (251,200  J)  and  866,000  ft-lbf  (1,174,400  J)  for  the 
81 -mm  and  127-mm  shaped  charges,  respectively. 

On  a  volume  basis,  20-  to  30-gal,  drums  of  liquid  propellant  are  80  to  120  times  the 
intermediate  size  quart  container  used  for  the  experiments  conducted  in  these  test 
series.  On  an  energy  per  unit  volume  of  liquid  basis,  where  the  full-scale  to  sub-scale 
volume  is  approximately  a  factor,  the  sub-scale  energy  per  unit  quart  volume  would  be 
between  1 ,852  and  8,660  ft-lbf.  The  RP83  detonator  was  selected  as  an  appropriate 
quantity  of  high  explosive  because  it  has  approximately  5,270  ft-lbf  of  energy.  This 
scaled  value  of  energy  is  representative  of  a  full  scale  shaped  charge  fired  through 
stored  propellant  in  full  scale  drums. 

Data  Correlation 

Test  data  was  used  to  construct  table  4  to  present  the  model  that  was  developed. 
These  data  include  the  specific  energy  which  was  obtained  by  determining  the  energy 
input  on  the  basis  of  the  quantity  of  liquid  present.  This  provides  energy  per  unit 
volume  of  liquid  and  represents  how  the  explosive  energy  input  is  distributed  over  the 
liquid  mass.  Specific  impulse  was  obtained  by  integrating  the  pressure  signals  that 
were  recorded.  It  is  a  characteristic  quantity  that  is  a  standard  parameter  used  in 


determining  damage  or  damage  potential  and  structural  loading  due  to  blast  or  other 
transient  forces.  The  witness  plate  height  given  was  taken  normally  from  a  video  tape 
playback  analysis.  If  the  witness  plate  was  off  the  view  screen,  then  the  time  that  the 
witness  plate  was  in  upward  flight  and  fall  was  used  to  compute  the  height.  To  provide 
a  direct  comparisons  between  the  specific  impulse  and  momentum  of  the  witness  plate, 
the  witness  plate  height  data  were  scaled  by  the  contact  area  between  the  plate  and  the 
liquid.  The  contact  area  is  the  canister  cross-sectional  area  in  the  case.  Also,  to 
provide  correlation  between  specific  energy  and  momentum,  the  momentum  result  for 
water  was  multiplied  by  the  square  root  of  the  impedance  parameter  ratio  for  liquid 
propellant  over  that  of  water.  This  ratio  as  well  as  several  other  data  and  comments  are 
provided  as  notes  on  table  4. 

Analysis 

The  data  model  analysis  correlations  are  presented  in  two  figures  (figs.  31  and  32). 
The  witness  plate  specific  momentum  versus  the  specific  energy  is  presented  in  figure 
31  Good  correlation  of  data  is  provided  except  for  those  tests  where  reaction  took 
place.  On  the  basis  of  the  agreement  between  the  two  modeling  parameters,  it  appears 
feasible  to  use  sub-scale  experiments  like  those  conducted  to  provide  information  on 
large-  or  full-scale  configurations  of  propellant  containing  canisters. 

The  comparison  of  specific  momentum  and  specific  impulse  is  shown  in  figure  32. 
Ideally,  the  data  should  fall  on  a  line.  It  appears  that  pressure  measurements  were 
slightly  low  or  more  of  the  wave  form  should  be  considered  and  integrated  to  obtain 
specific  impulse.  It  is  reasoned  that  witness  plate  momentum  seems  to  exceed  the 
impulse  in  nearly  all  cases  partly  on  physical  ground  and  partly  on  pressure  measure¬ 
ment  and  signal  recording  grounds.  It  appears  also  that  the  witness  plate  continues  to 
be  propelled  by  the  liquid  flowing  ahead  of  the  bubble  pulse  in  the  canister  after  the 
pressure  transducer  signal  drops  to  a  pressure  much  lower  than  initial  blast  and  shock 
pressures.  Additional  explanation  is  given  in  table  4  and  in  the  conclusions  of  this 
report. 


CONCLUSIONS  AND  RECOMMENDATIONS 

1 .  Some  test  results  show  that  the  possibility  exists  for  liquid  propellant  to  undergo 
chemical  reaction  (rapid  decomposition  or  probably  combustion)  due  to  the  energy 
imparted  from  a  shaped  charge  impact.  Such  reactive  behavior  can  be  very  important 
to  the  vulnerability  of  the  system  and  crew  handling  and  transporting  liquid  propellant  in 
a  combat  environment.  It  is  imperative  to  evaluate  and  understand  the  scenario,  condi¬ 
tions,  and  circumstances  surrounding  liquid  propellant  in  containers  under  such  chal¬ 
lenge  and  recommend  other  experiments  be  performed  to  evaluate  the  phenomena  and 
develop  mitigation  techniques  for  full  and  partially  full  containers 
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2.  The  test  program  demonstrated  the  difficulties  encountered  with  making  pres¬ 
sure  measurements  in  test  involving  simulated  shaped  charge  impacts.  The  resultant 
shock  and  vibration  loadings  to  the  test  fixture  were  much  more  severe  than  anticipated, 
thereby  complicating  and  limiting  the  use  of  the  conventional  pressure  transducers  in 
these  applications.  It  is  recommended  that  alternate  pressure  measurement  techniques 
be  evaluated  for  possible  use  in  these  types  of  testing  circumstances. 

3.  Since  this  project  evaluated  hydraulic  ram  effects  using  cylindrical  containers,  it 
is  recommended  that  additional  tests  and  analysis  be  performed  using  other  container 
shapes  and  larger  container  sizes.  The  current  test  program  employed  fairly  small 
quantities  of  NOS  365  liquid  propellant  (i.e. ,  pint,  quart,  and  1 /2-gal.  quantities).  Experi¬ 
ments  should  be  performed  using  larger  amounts  to  determine  the  influence  of  con¬ 
tainer  shape  and  size  on  the  sensitivity  of  liquid  propellant  to  high-explosive  detonation 
and  shaped  charge  penetration  stimuli.  Also,  the  level  of  liquid  fill,  container  internal 
structure,  ullage  effects,  and  shaped  charge  entry  direction  need  to  be  addressed. 

4.  It  appears  that  there  is  an  energy  input  level  or  plateau  above  which  a  chemical 
reaction  in  a  container  of  liquid  propellant  is  contributory  to  hydraulic  ram  related 
damage  potential.  It  is  recommended  that  additional  tests  and  analysis  be  performed 
using  greater  range  of  input  energy  and  characteristic  size.  The  charge  weight  should 
be  increased  for  these  tests.  Also,  the  container  size  (e.g.,  height  and  diameter)  and 
subsequent  charge  standoff  distance  from  a  container  wall  or  upper  and  lower  ends 
should  be  varied  as  well  as  the  degree  of  confinement  that  is  provided.  Canister 
materials  and  thickness  may  also  be  varied  to  obtain  different  confinement  as  may  an 
ullage  above  the  liquid. 

5.  From  analysis  and  modeling  of  the  data,  it  appears  that  either  pressure 
measurements  were  slightly  low  or  more  of  the  wave  form  needs  to  be  considered  and 
integrated  to  obtain  the  specific  impulse.  Reasoning  is  that  witness  plate  momentum 
appears  to  exceed  the  impulse  in  nearly  all  cases.  However,  the  witness  plate  may 
continue  to  be  boosted  by  the  jetting-up  liquid  after  the  pressure  transducer  discon¬ 
tinues  to  sense  pressure  due  to  the  outflow  of  liquid. 

6.  Specific  energy  and  specific  witness  plate  momentum  correlate  well.  Correction 
of  conversion  of  witness  plate  height  results  for  water  was  made  to  put  the  water  results 
on  the  same  basis  as  liquid  propellant  results.  This  correction  was  accomplished  by 
using  the  liquid  impedance  ratio  parameter.  This  comparable  basis  correction  to  the 
height  data  for  water  appears  to  be  successful.  It  is  recommended,  however,  that  the 
modeling  effort  be  continued  further  with  some  effort  given  to  developing  strictly  com¬ 
putationally  based  methods  to  describe  hydraulic  ram  effects. 

7.  For  two  of  the  experiments  conducted  with  liquid  propellant  there  definitely  was  a 
reaction  mechanism  of  some  origin.  It  appears  to  be  a  very  rapid  deflagration  or 
detonation  during  one  of  the  tests.  These  reactions  appeared  to  occur  after  the  witness 


plate  lifted-off  from  the  container  which  explains  why  the  pressure  and  impulse  deter¬ 
mined  from  the  pressure  do  not  definitively  reveal  the  reaction  mechanism.  It  appears 
that  the  mist  or  vapor  reacted  and  the  witness  plate  was  boosted  to  a  considerable 
height,  not  characteristic  of  hydraulic  ram  alone.  It  is  recommended  that  a  sample  of 
the  NOS  365  used  for  this  work  be  evaluated  by  chemical  analysis  and  that  the  concept 
of  a  critical  input  energy  plateau  be  investigated  with  both  NOS  365  and  other  liquid 
propellant  formulations. 


Table  1 .  Liquid  propellant  tests 


I 


i 


i 

i 


« 


Energy  Prima  cord  Witness  Plate  Initial 


Test 

no. 

Container 

size 

Liquid 

type 

input 

(ft-lb) 

length 

(in.) 

plate  weight  height  peak  pressure 
(lb)  (ft)  (lb/in.2) 

I1 

1/2  gal 

Water 

4,917 

None 

9.2 

20.5 

34.840a 

21 

1/2  gal 

Water 

9,834 

2.4 

9.2 

64 

30,488a 

3’ 

1/2  gal 

NOS  365 

4,917 

None 

9.2 

27 

24,000* 

H 

1/2  gal 

Water 

2,306 

None 

18.3 

9.5 

25,854b 

53 

1/2  gal 

Water 

2,306 

None 

18.3 

5.75 

30,000 

63 

Quart 

Water 

2,306 

None 

18.3 

2.6 

8,010 

73 

1/2  gal 

Water 

2,306 

None 

18.3 

7 

7,100 

84 

1/2  gal 

Water 

2,306 

None 

18.3 

6.5 

19,840 

5.780 

94 

1/2  gal 

Water 

2,306 

None 

18.3 

6.0 

24,263 

4,875 

105 

Quart 

Wdtei 

2,306 

None 

9.2 

0.3 

24,370 

II5 

Quart 

Water 

2,306 

None 

9.2 

7.0 

21 ,000b 

126 

Quart 

Water 

2,306 

None 

9.2 

5.5 

26,000b 

137 

Quart 

Water 

2,306 

None 

9.2 

6.0 

19,908 

1  47 

1/2  gal 

Water 

2,306 

None 

9.2 

12.0 

25,595 

157 

Pint 

Water 

2,306 

None 

9.2 

5.0 

27.373 

167 

Pint 

Water 

3,817 

3/4 

9.2 

6.25 

54,900h 

21 


« 


Table  1.  (cont) 
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17 

Quart 

Water 

3,817 

3/4 

9.2 

6.5 

15.5001 

187 

Quart 

Water 

3,817 

3/4 

9.2 

8.0 

20,202 

197 

1/2  gal 

Water 

3,817 

3/4 

9.2 

17.0 

38,055£ 

207 

1/2  gal 

NOS  365 

3,817 

3/4 

9.2 

28.0 

32,500* 

218 

1/2  gal 

Water 

2,306 

None 

9.2 

16.5 

10,010 

CD 

C\J 

C\i 

1/2  gal 

Water 

2,306 

None 

9.2 

15 

11,421 

238 

1/2  gal 

NOS  365 

2,306 

None 

9.2 

24 

17,500 

248 

Quart 

Water 

2,306 

None 

9.2 

6.5 

14,252 

258 

Quart 

NOS  365 

2,306 

None 

9.2 

12 

12,714 

268 

Pint 

Water 

2,306 

None 

9.2 

5.5 

21,026 

278 

Pint 

NOS  365 

2,306 

None 

9.2 

9.5 

13,795 

28s 

Quart 

Water 

3,817 

3/4 

9.2 

9.0 

16,667 

298 

Quart 

NOS  365 

3,817 

3/4 

9.2 

16.5 

9,700 

30® 

1/2  gal 

Water 

3,817 

3/4 

9.2 

23 

16,538 

31 8 

1/2  gal 

NOS  365 

3,817 

3/4 

9.2 

62 

10,726 

32® 

Quart 

Water 

3,817 

3/4 

9.2 

11.5 

15,855 

33® 

Quart 

Water 

4,917 

None 

9.2 

8.0 

15.833 

34® 

Quart 

NOS  365 

4,917 

None 

9.2 

86.9 

17,316 

35® 

1/2  gal 

Water 

4,917 

None 

9.2 

24.0 

20,359 

22 


Table  1 .  (cont) 


36 

1/2  gal 

NOS  365 

4,917 

None 

9.2 

38.0 

21,385 

378 

Pint 

Water 

4,917 

None 

9.2 

6.0 

21,590 

CO 

00 

CO 

Pint 

NOS  365 

4,917 

None 

9.2 

468 

21,385 

398 

Pint 

Water 

3,817 

3/4 

9.2 

7.0 

N/A 

CO 

O 

Pint 

NOS  365 

3,817 

3/4 

9.2 

17.5 

N/A 

NOTES: 


1  -  Pressure  transducer  mounted  directly  into  baseplate. 

2  -  Pressure  transducer  mounted  in  a  nylon  insert. 

3  -  Pressure  transducer  mounted  on  an  offset  tube  arrangement. 

4  -  Two  pressure  transducers  used,  one  in  a  nylon  insert,  another  on  the  offset  tube 

arrangment. 

5  -  Pressure  transducer  mounted  in  a  metal  fitting,  isolated  from  the  canister  baseplate 

by  a  nylon  bushing. 

6  -  Pressure  transducer  mounted  in  1-in.  steel  mounting  plate,  canister  placed  over 

transducer  and  potted  with  RTV. 

7  -  Pressure  transducer  potted  in  a  fitting. 

8  -  Pressure  transducer  potted  in  concrete  slab,  1-in.  steel  plate  bolted  to  the  concrete 

pad  '  amster  baseplate  bolted  to  the  steel  plate. 


Pressure  transducer  damaged  during  this  test,  and  the  initial  peak  reflected  over¬ 
pressure  occurs  about  the  time  of  damage  onset  and  may  be  erroneous. 

Pressure  transducer  damaged  during  this  test,  but  initial  peak  reflected  overpressure 
occurs  prior  to  the  damage  onset  and  may  not  be  erroneous. 


! 


23 


Table  2.  Liquid  propellant  tests  -  witness  plate  velocities 


Test 

no. 

Container 

size 

Liquid 

type 

Witness 
plate  weight 
(lb) 

11 

Velocity,  ft/s 
2ft  4ft 

5_ft 

Maximum 

height 

(ft) 

I1 

1/2  gal 

Water 

9.2 

40 

33 

33 

33 

20.5 

21 

1/2  gal 

Water 

9.2 

- 

66.7 

60 

56.3 

64 

31 

1/2  gal 

NOS  365 

9.2 

- 

42.9 

40 

- 

27 

42 

1  /2  gal 

NOS  365 

18.3 

20 

22.2 

22 

21 

9.5 

53 

1/2  gal 

Water 

18.3 

20 

20 

18 

14 

5.75 

63 

Quart 

Water 

18.3 

12.5 

11.1 

8 

- 

2.6 

73 

1/2  gal 

Water 

18.3 

20 

20 

20 

17.6 

7 

84 

1/2  gal 

Water 

18.3 

20 

20 

16.7 

15.6 

6.5 

Brk  wire 

16 

13.6 

94 

1/2  gal 

Water 

18.3 

20 

18 

16 

15.2 

6.0 

105 

Quart 

Water 

9.2 

16.7 

16.6 

16 

15 

6.3 

Brk  wire 

17.2 

II5 

Quart 

Water 

9.2 

20 

20 

18.2 

16.7 

7.0 

Brk  wire 

20 

126 

Quart 

Water 

9.2 

20 

20 

16 

13.9 

5.5 

137 

Quart 

Water 

9.2 

20 

20 

17.4 

14.3 

6.0 

147 

1/2  gal 

Water 

9.2 

-- 

40 

25 

25 

12.0 

157 

Pint 

Water 

9.2 

14.3 

13 

11.4 

- 

5.0 

167 

Pint 

Water 

9.2 

20 

20 

16 

14.3 

6.25 

24 


Table  2.  (cont) 


1 77 

Quart 

Water 

9.2 

20 

20 

17.4 

16 

6.5 

is7 

Quart 

Water 

9.2 

25 

22.2 

21 

20 

8.0 

197 

1/2  gal 

Water 

9.2 

33.4 

33.4 

33.4 

33.4 

17.0 

207 

1/2  gal 

NOS  365 

9.2 

50 

50 

40 

41.7 

28.0 

217 

1/2  gal 

Water 

9.2 

33.4 

37.5 

33 

33 

16.5 

22® 

1/2  gal 

Water 

9.2 

25 

28.6 

28.6 

29 

15.0 

238 

1/2  gal 

NOS  365 

9.2 

25 

33 

33 

36 

24.0 

248 

Quart 

Water 

9.2 

— 

40 

25 

21.8 

6.5 

00 

in 

CM 

Quart 

NOS  365 

9.2 

25 

25 

25 

25 

12.0 

268 

Pint 

Water 

9.2 

20 

20 

20 

17.8 

5.5 

2/ 

Pint 

NOS  365 

9.2 

25 

23.1 

23.5 

21.7 

9.5 

28® 

Quart 

Water 

9.2 

33 

25 

22.2 

20 

9.0 

298 

Quart 

NOS  365 

9.2 

33 

28.6 

30.7 

29.4 

16.5 

00 

O 

CO 

1/2  gal 

Water 

9.2 

40 

42.9 

40 

38.5 

23.0 

318 

1/2  gal 

NOS  365 

9.2 

-- 

66.7 

57 

55.6 

62.0 

328 

Quart 

Water 

9.2 

33.3 

28.6 

26.7 

25.0 

11.5 

03 

CO 

CO 

Quart 

Water 

9.2 

25 

22 

21 

20.8 

8.0 

348 

Quart 

NOS  365 

9.2 

- 

75 

80 

83 

86.9 

358 

1/2  gal 

Water 

9.2 

50 

40 

40 

38.5 

24.0 

25 


» 


Table  2.  (cont) 
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368 

1 12  gal 

NOS  365 

9.2 

378 

Pint 

Water 

9.2 

38® 

Pint 

NOS  365 

9.2 

398 

Pint 

Water 

9.2 

00 

O 

Pint 

NOS  365 

9.2 

NOTES: 

50 

42.8 

44.4 

50 

38.0 

20 

20 

18.75 

- 

6.0 

Canister 

Fragmented 

Est.  Ht. 

486.0 

25 

22 

20 

17.8 

7.0 

33 

33 

33 

33 

17.5 

1  -  Pressure  transducer  mounted  directly  into  baseplate. 

2  -  Pressure  transducer  mounted  in  a  nylon  insert. 

3  -  Pressure  transducer  mounted  on  an  offset  tube  arrangement. 

4  -  Two  pressure  transducers  used,  one  in  a  nylon  insert,  another  on  the  offset  tube 

arrangement. 

5  -  Pressure  transducer  mounted  in  a  metall  fitting,  isolated  from  the  canister  baseplate 

by  a  nylon  bushing. 

6  -  Pressure  transducer  mounted  in  1-in.  steel  mounting  plate,  canister  placed  over 

transducer  and  potted  with  RTV. 

7  -  Pressure  transducer  potted  in  a  fitting. 

8  -  Pressure  transducer  potted  in  concrete  slab,  1  -in.  steel  plate  bolted  to  the  concrete 

pad  with  canister  baseplate  bolted  to  the  steel  plate. 


:• 
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Table  4.  Hydraulic  RAM/liquid  propellant  data  correlation 
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Pint  Water  4,917  169.6  390(390)  6.0  848 

Pint  NOS  365  4,917  169.6  415(415)  468.0  5,533 


NOTES: 
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energy  is  based  on  the  volume  of  liquid.  Witness  plate  heights  for  water  were  converted  to  NOS  365  by  multiplying  by  the 
fluids’  impedance  ratio  when  used  to  determine  the  momentum. 


WITNESS  PLATE 
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Figure  1.  Test  setup 


-Jjg 


NOTE:  View  inside  pint  container,  presurre  transducer  in  center 

Figure  2.  Pint  container  mounted  on  test  configuration 
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IMPULSE  <PSI- 


TEST  NO.  022  LOCATION  1 


TIME(MS) 

Figure  3.  Test  no.  22 
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IMPULSE  <PSI-MS>  PRESSURE  <PSI> 


TEST  NO.  023  LOCATION  1 


TIME(MS) 

TEST  NO.  023  LOCATION  1 


TIME(MS) 


Figure  4.  Test  no.  23 
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Figure  5.  Test  no.  24 
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Figure  6.  Test  no.  25 
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PRESSURE  <PSI) 

IMPULSE  <PSI-MS>  +10*+  l 


-.100  -.050  0.00  .  050  .100  .150  f 

TIME(MS) 

Figure  7.  Test  no.  26 
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Figure  9.  Test  no.  28 
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TEST  NO.  029  LOCATION  1 


TIME(MS) 

Figure  10.  Test  no.  29 
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PRESSURE  <PSr> 

IMPULSE  (PSI-MS>  *10**  1 


TEST  NO.  030  LOCATION  1 


TIME(MS) 

TEST  NO.  030  LOCATION  1 


TIME(MS) 

Figure  11.  Test  no.  30 
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Figure  12.  Test  no.  31 
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TIME(MS) 

Figure  13.  Test  no.  32 


IMPULSE  <PSI-MS>  PRESSURE  <PSI) 
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TIME<MS> 

TEST  NO.  033  LOCATION  1 


TIME(MS) 
Figure  14.  Test  no.  33 
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Figure  15.  Test  no.  34 


45 


46 
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TEST  NO.  036  LOCATION  1 
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Figure  20.  Test  no.  36 


49 


TEST  NO.  03?  LOCATION  1 


TIME(MS) 

Figure  21 .  Test  no.  37 
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Liquid  Propellant  Tests 

Water  and  NOS  365 
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Figure  26.  Height  versus  energy  for  all  tests 


Liquid  Propellant  Tests 

Water  and  NOS  365 
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Figure  27.  Witness  plate  height  versus  energy  for  1/2  gallon  containers 
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Figure  28.  Witness  plate  height  versus  energy  for  quart  containers 
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Figure  29.  Witness  plate  height  versus  energy  for  pint  containers 


Liquid  Propellant  Tests 

Water  and  NOS  365 


Figure  30.  Witness  plate  height  versus  energy  per  unit  volume 
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Figure  32. 
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